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Abstract 
We here demonstrate the use of solution processed NiOx thin films as the hole transport layer 
(HTL) in a thiophene–quinoxaline copolymer:fullerene solar cell. The NiOx films, which are 
prepared by UV-ozone treating a nickel formate precursor, outperform the solar cells prepared 
in this study that use PEDOT:PSS as HTL. The power conversion efficiency improves from 
5.3% to 6.1% when replacing PEDOT:PSS with NiOx. Unlike most conventional ways of 
fabricating solution processed NiOx HTLs, our method does not require high temperature 
(>300°C). In fact, we were able to produce high performing NiOx HTLs without the use of 
any thermal annealing. X-ray photoelectron spectroscopy revealed that a mixture of oxides 
and hydroxides is formed as a result of the UV-ozone treatment, which differs in composition 
from those formed by high temperature annealing; UV-ozone treatment produces NiOOH, 
while only the high temperature annealing produces any significant amount of NiO. Contact 















potential difference (CPD) measurements reveal an increased work function for all UV-ozone 
treated NiOx films, consistent with the presence of NiOOH at the surface. The high work 
function of the UV-ozone treated NiOx films leads to an improved energy level matching 
between the donor and the HTL, resulting in higher fill factor and hole injection current. 















1.  Introduction 
Polymer solar cells are promising as a technology to produce clean energy from the abundant 
and freely available solar energy because of their low production cost owing to the 
compatibility with low temperature deposition processes by roll-to-roll printing for large scale 
production, the possibility to make flexible, light weight devices and record power conversion 
efficiencies (PCE) exceeding 10% for single-junction devices.1-6 To commercialize this 
technology, it is of paramount importance to further increase the PCE and to insure long term 
stability, i.e. minimum 5-7 years operation lifetime of the solar cells.7 One of the ways to 
improve both the performance and stability of polymer solar cells is to use metal oxides as 
hole transport layers (HTL) instead of the commonly used poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS).8, 9 Even though PEDOT:PSS meets all the technical 
requirements for rapid low cost production of polymer solar cells, its inherent acidic and 
hygroscopic properties have been proven to be a major cause of degradation in organic 
photovoltaics (OPV).10-14  





23, 24 and IrOx
25 have all been reportedly used in OPVs. Another metal 
oxide showing great promise as HTL material is NiOx. NiOx has been deposited by several 
different methods, such as pulsed-laser deposition,26, 27 thermal evaporation,28 atomic layer 
deposition,29, 30 sputtering31, 32 and solution processing.33-37 Avoiding deposition techniques 
that require vacuum is desirable for low cost OPV fabrication and therefore solution-
processed NiOx is an advantageous. However, so far, high performance solar cells using 
solution processed NiOx HTL, require often high annealing temperature.
33, 35-37 Stable and 
efficient polymer solar cells using solution processed NiOx HTLs have previously been 
demonstrated by Steirer et al., who thermally annealed a NiOx precursor at 300°C followed by 
exposure to O2-plasma treatment.
33 The study revealed that the O2-plasma treatment increased 















the work function of the NiOx, leading to improved device performance compared to solar 
cells with PEDOT:PSS as HTL. Recently Zhai et al. reported on UV-ozone treatment as a 
method to produce NiOx HTLs at low temperature (<150°C).
38 Simultaneous thermal 
annealing and UV-ozone treatment of a nickel acetate precursor resulted in solar cells that 
outperformed devices using PEDOT:PSS HTL, mainly due to an increased fill factor (FF). 
Another way to produce NiOx thin films at low temperature or room temperature is to use 
NiOx nanoparticles, as was recently shown by Jiang et al. who achieved improved or 
comparable performance in polymer solar cells compared to PEDOT:PSS.39 
UV-ozone treatment of oxide surfaces is known to lead to higher work functions.38, 40-42 Here 
we report on the development of a method to grow NiOx films from a nickel formate 
precursor solution at low temperature (even as low as room temperature) by a post deposition 
UV-ozone treatment. Using NiOx as HTL, improved performance was demonstrated for bulk 
heterojunction polymer solar cells using poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-
alt-thiophene-2,5-diyl] (TQ1),43 mixed with the fullerene derivative [6,6]-phenyl C71-butyric 
acid methyl ester (PC70BM). 
 
2. Experimental Section 
2.1  Materials 
PEDOT:PSS (Clevios P VP AI 4083) was purchased from Heraeus Precious Metals GmbH & 
Co. KG and filtered through a 0.45 µm nylon filter prior to spin coating. The synthesis of  
TQ1 is described elsewhere.43 The number average and weight average molecular weights 
were Mn = 34 kg/mol and Mw = 91 kg/mol, determined by size exclusion chromatography 
relative to polystyrene standards. PC70BM (purity > 99%) was purchased from Solenne BV 
(The Netherlands).  Nickel formate dihydrate (99.9%), anhydrous ethylene glycol (99.8%) 
and ethylenediamine (>99.5%) were purchased from Alfa Aesar, Sigma-Aldrich and Fluka 















analytical, respectively. Ortho-dichlorobenzene (oDCB) of analytical grade and 1-
chloronaphthalene (CN) of technical grade were purchased from Sigma-Aldrich and used as 
received. 
 
2.2 Preparation of the hole transport layer 
Patterned ITO-coated glass substrates (Kintec Company, China) with a 200 nm thick ITO 
layer and sheet resistivity of 10 Ω sq-1 were cleaned in isopropanol in an ultrasonic bath and 
UV-ozone treated for 20 min. For the samples with PEDOT:PSS as the HTL, 50 nm of 
PEDOT:PSS was deposited by spin coating followed by thermal annealing at 120°C in a low 
vacuum oven for 20 min to remove any remaining water. For the NiOx HTL deposition, a 37 
mg/ml solution of nickel formate dihydrate was prepared in ethylene glycol and ethylene 
diamine was added such that a 1:2 (mol/mol) nickel formate dihydrate: ethylene diamine 
molar ratio was obtained. The solution was stirred on a hot plate at 100°C overnight and then 
spin coated onto the cleaned ITO substrates at 7000 rpm for 90 s. The ITO/NiOx samples were 
then either given different heat treatments ranging from 100-325°C in ambient air or were 
kept at room temperature. Some of the ITO/NiOx were subsequently exposed to UV-ozone 
for 3 h using a PSD-UV cleaner (Novascan technologies, USA). Atomic force microscopy 
(AFM) images of ITO and ITO/NiOx films can be found in Figure S1 of the supplementary 
material. The difference in surface morphology between the bare ITO and the ITO/NiOx is not 
significant, indicating that the NiOx layer is thin and homogenous. The NiOx thickness was 
estimated by AFM by making a scratch in the NiOx film and measuring the step height, and 
by scanning electron microscopy by cleaving the NiOx-covered substrate and imaging the 
cross section. This way, we find the thickness to be in the range of 5-10 nm. 
 
2.3 Device fabrication and J-V-characterization 















The solar cell structure is glass/ITO/HTL/TQ1:PC70BM/LiF/Al. Blend solutions of 
TQ1:PC70BM in a 1:3 weight/weight ratio, at a total concentration of 29 mg/ml, were 
prepared in oDCB, with the addition of 5 % (vol) of CN. The active layer was deposited on 
the ITO/HTL substrates by spin coating at 500 rpm for 100 s in a protected N2 atmosphere 
(<0.1 ppm O2, <0.1 ppm H2O) inside a glove box (M. Braun Inertgas-Systeme GmbH). The 
active layer thickness, 100 ± 5 nm, was measured by scanning across a scratch in the film 
with the tip of an AFM (Nanoscope IIIa Multimode, Veeco Metrology group, now Bruker 
Corporation). After spin-coating the active layer, the samples were transferred to the vacuum 
chamber of the thermal evaporator (Univex 350 G, Oerlikon Leybold Vacuum GmbH) 
integrated in the glove box, where nominally 0.3 nm LiF and 100 nm Al were deposited with 
a deposition rate of 0.5 Å s-1 (LiF) and 1 Å s-1 (Al) at 10-6 mbar. The active area of the devices 
was 8 mm2. The ITO is patterned and the HTL material covers the entire area, except for the 
areas where external contact is made to the ITO. The pixels on each substrate share the same 
ITO electrode, but have individual Al electrodes. The current-voltage characteristics of the 
solar cells were measured using a Keithley 2636A SourceMeter under illumination from an 
AM 1.5 solar simulator (Sol2A, model 94022A, Oriel Instruments, USA), with an intensity of 
100 mW cm-2, determined by a standard silicon photodiode. The solar cells were protected 
from air by mounting them in a sealed cell before taking them out of the glove box. As a 
consequence the solar cells were illuminated through the 2 mm thick poly(methyl 
methacrylate) (PMMA) cover window of the cell. No spectral correction was made for any 
UV light absorption by the PMMA. No apertures were used for the JV measurements. 
However, the EQE integrated over the solar spectrum agrees with the Jsc. When extracting 
the photovoltaic parameters, the data points were interpolated using a cubic spline. 
EQE measurements were performed using a halogen light source (Müller Elektronik-Optik) in 
conjunction with a monochromator (Zolix Omni-λ 300). The light beam is split with a Y-fiber 















and the reference arm fitted to a silicon photodiode of known EQE is measured with a 
Keithley 237 source meter. The other beam is chopped and hits the device, which is placed in 
an evacuated cryostat. To avoid detection of residual stray light the photocurrent is measured 
by a lock-in amplifier (Stanford SR830). 
 
2.4 Materials characterization 
The composition of the NiOx layers was studied by X-ray photoelectron spectroscopy (XPS), 
performed at beamline D1011 of the MAX-IV National Laboratory for Synchrotron Radiation 
in Lund, Sweden. The photoelectrons were collected in normal emission using a SCIENTA 
SES200 electron-energy analyzer. All spectra were energy calibrated with respect to the 
Fermi level measured on a gold surface that had been cleaned in situ by argon sputtering. 
Survey scans and Ni 2p spectra were acquired using a photon energy of 1000 eV, O 1s spectra 
using 590 eV. All spectra were normalized to photon flux and a Shirley background was 
removed from the core-level spectra. Voigt profiles were used for the fitting.   
UV-Vis absorption and reflection spectroscopy were performed using a Cary 5000 UV-Vis-
NIR spectrophotometer (Agilent Technologies, USA), equipped with an integrating sphere. 
Work function measurements were done with an ambient Kelvin probe (SKP5050 from KP 
technology Ltd.), using a vibrating gold reference electrode. The contact potential difference 
for a gold reference sample was determined to be +30 mV. The work function of this 
reference sample was measured by a photo-yield spectrometer AC-2 by Riken Keiki) as 
4.8 eV. Additional activation of the surface was realized by home-build UV lamp. 
 
3. Results and discussion 
Solar cells were prepared with TQ1:PC70BM (1:2) spincoated from oDCB + 5% CN as the 
active layer, using NiOx HTL and compared to reference samples with a PEDOT:PSS HTL. 















The photovoltaic parameters for these devices, with NiO HTL layers annealed at different 
temperatures, with and without UV-ozone treatment, are shown in Table 1 and current-
voltage (JV) curves, measured under AM 1.5 illumination, are shown in Figure 1a-c. The 
devices with NiOx HTL without UV-ozone treatment exhibit poor photovoltaic performance 
and the open circuit voltage (Voc) varies strongly with the annealing time. Not until the 
annealing temperature is increased to 325°C can we observe any significant improvements of 
the solar cell performance. In Figure 1a, JV-curves are shown for solar cells with a NiOx HTL 
annealed at 175°C for 24 h, 325°C for 30 min, and 325°C for 2 h, respectively, without UV-
ozone treatment. Since annealing at 325°C also increases the sheet resistivity of the ITO (a 
40% increase was measured after annealing at 325°C for 4 h), prolonging the annealing time 
further is not desirable. 
As seen in Table 1 and Figure 1b, 3 h of UV-ozone treatment dramatically increases the 
device performance, mainly due to an increased fill factor (FF). All UV-ozone treated NiOx 
samples, those annealed at all of the used temperatures, as well as those kept at room 
temperature, show a high performance. The corresponding JV-curves are shown in Figure 1b. 
For the devices with UV-ozone treated NiOx, the Voc is larger (0.85-0.88 V) and not 
significantly affected by the annealing time, in contrast to the NiOx-based devices without 
UV-ozone treatment. 
Among all the UV-ozone treated NiOx samples, those annealed at 175°C gave the highest 
performance. The best performing cell displayed a short circuit current density (JSC) of 10.3 
mA/cm2, VOC 0.87 V, FF 71.3% and PCE: 6.39%, which is compared in Figure 1c to a similar 
solar cell where NiOx is replaced by PEDOT:PSS. All the UV-ozone treated NiOx layers give 
a higher FF than the PEDOT:PSS-based reference devices we prepared in this study. The FF 
can be influenced by parasitic resistances as well as the charge injection. The series 
resistances of the devices were obtained by fitting the modified Shockley equation44 to the 















high voltage part of the dark JV-curves and was found to be ~4 Ω·cm2 for the devices with 
PEDOT:PSS, all the UV-ozone treated NiOx as well as the 325°C annealed NiOx without UV-
ozone. Hence the series resistance is not the reason for the difference in FF for NiOx and 
PEDOT:PSS, and indicates that these HTL films have similar conductivities. The parallel 
resistance, obtained from the inverse slope of the dark JV-curves close to zero voltage, on the 
other hand is higher for the NiOx devices (average 6·10
6 Ω·cm2) than for PEDOT:PSS 
(average 4·105 Ω·cm2). However, this has a negligible effect on the shape of the light JV-
curves. Therefore, the differences between the FF for NiOx and PEDOT:PSS can be assigned 
to differences in charge injection. Indeed, the dark JV-curves (Figure 1c) show that the 
forward current is higher for the NiOx than for the PEDOT:P S-based devices, indicating 
more efficient charge injection. The external quantum efficiency (EQE) spectra of the 
devices, measured at short-circuit conditions, are shown in Figure 1d. The JSC calculated by 
integrating the EQE together with the AM 1.5 solar spectrum gave 9.76 mA/cm2 for NiOx and 
9.96 mA/cm2 for PEDOT:PSS, a difference within less than 6% of the JSC mean values 
obtained from the JV-measurements.  
 
Since the light is incident on the solar cell through the ITO/HTL contact, the HTL layers 
should have a high transmittance. Optical properties of the NiOx layers are depicted in Figure 
2. Figure 2a shows the optical transmittance in the wavelength range 200-800 nm of NiOx 
layers annealed at different temperatures (100°C and 175°C for 24 h, 325°C for 30 min) with 
and without subsequent UV-ozone treatment. These spectra are measured on films on quartz 
substrates, and the transmittance of the layers are shown in Figure 2a. Prior to UV-ozone 
treatment, the transmittance is close to 100% in the visible range, while the UV-ozone 
treatment reduces the transmittance to just above 90%. 















In Figure 2b the transmittance and reflectance spectra of a blank ITO/glass substrate are 
compared to ITO covered by PEDOT:PSS, and to ITO covered by untreated and UV-ozone 
treated NiOx annealed at 175°C. The spectra of the blank ITO sample and the ITO/NiOx 
sample without UV-ozone treatment look very similar. The NiOx sample that was UV-ozone 
treated transmits slightly less light. The PEDOT:PSS covered ITO/glass in fact transmits more 
light than the blank ITO/glass substrate for wavelengths in the range from 375 nm to 550 nm. 
The explanation for this can be found in the reflectance measurement, shown in the same 
figure, where it can be seen that the PEDOT:PSS covered ITO/glass reflects less light than 
just ITO/glass in that range.  
Comparing the optical properties of the UV-ozone treated NiOx to PEDOT:PSS, the slightly 
higher JSC observed in solar cells using PEDOT:PSS (Table 1 and Figure 1) can be 
rationalized by the higher optical transparency shown in Figure 2b. 
XPS measurements were performed to analyze the chemical composition at the surface of the 
NiOx films. XPS survey scan spectra of the NiOx films deposited on Si/SiOx substrates are 
shown in Figure 3. Spectra of UV-ozone treated NiOx f lms are shown for different annealing 
temperatures prior to the UV-ozone treatment and are also compared to NiOx films annealed 
to 325°C without any subsequent UV-ozone treatment. Characteristic peaks from nickel, 
oxygen, and carbon are clearly visible. The unannealed UV-ozone treated NiOx film contains 
less carbon than the films that have been annealed and has also a visible Si 2p peak from the 
underlying substrate, showing that the UV-ozone treatment removes more material when 
applied on the unannealed NiOx film than on the pre-annealed films. In the spectra of the 
other UV-treated NiOx films shown in Figure 3, the nickel and oxygen peaks get more 
pronounced as the annealing temperature increases and no traces of silicon are visible, thus 
showing that the NiOx film is fully covering the substrate. Also the C1s peak grows somewhat 
as the annealing temperature increases. When comparing the 325°C sample with and without 















UV/ozone treatment, we can clearly see that the UV-ozone treatment removes part of the 
carbon, even on the annealed samples, but it doesn’t remove it completely, indicating that the 
carbon get bound to the film upon annealing. 
Figure 4 shows the Ni 2p3/2 and O 1s XPS spectra of the NiOx thin films. In the Ni 2p3/2 
spectra, the broad peak centered at approximately 7 eV higher binding energy than the main 
peak has been assigned to final state effects.45, 46 Figure 4a and b show the spectra of a film of 
the NiOx precursor. In order to remove any residual ethylene glycol (boiling point 197°C), the 
film had been heated to 175°C, which is below the decomposition temperature of the nickel 
formate precursor.47, 48 The O 1s spectrum (4b) shows a single symmetric peak that was fitted 
to a single component, indicating that the oxygen present in the film is likely to originate from 
the nickel formate that indeed has not been decomposed. Thus we assign this peak to nickel 
formate. 
The NiOx film heated to 325°C without subsequent UV-ozone treatment displays a distinct 
NiO peak at 853.4 eV in the Ni 2p3/2 spectrum and 529.6 eV in the O 1s spectrum; the peak 
positions being in agreement with previous reports.30, 36, 38 The peak at 855.1 eV in the Ni 
2p3/2 spectrum and 531.5 eV in the O 1s spectrum could be due to either Ni(OH)2 or Ni2O3, 
the peak has previously been assigned to both species.36 In the O1s spectrum, on the higher 
binding energy side of the Ni(OH)2/Ni2O3 peak, at least one more species is clearly present. In 
the Ni2p3/2 spectrum this is not as clearly visible due to partial overlap from the broad peak 
assigned to final state effects. Following the procedure of Zhai et al,38 a single component 
could be fitted at 856.6 eV (Ni 2p3/2) and 533.3 eV (O 1s) which we assign mainly to NiOOH. 
This position is at ~1 eV higher binding energy than what is reported in the literature for 
NiOOH, although we note that those reported values themselves differ by about 1 eV.34, 36, 38 
For this reason we cannot completely exclude the possibility that the component which we 
assign to NiOOH also could have some contributions from any undecomposed precursor 















(Figure 4b) or physisorbed water which both would appear at slightly higher binding energy 
than NiOOH (see Figure 4b and ref. 34). However, the reduced optical transmission and 
visible colour change of the NiOx films upon UV-ozone treatment, shown in Figure 2a, 
corroborates our interpretation that NiOOH is formed during the UV-ozone exposure, since 
NiOOH is known to be a black solid. 
For the NiOx films heated to 325°C, both the O 1s and Ni 2p3/2 s ectra are shifted towards 
lower binding energies compared to the lower temperature NiOx films, which we interpret as a 
shift of the Fermi level. This interpretation is strengthened by the observation of a similar 
shift of the valence band towards the Fermi level, shown in Figure S2 of the supplementary 
material. 
For the UV-ozone treated NiOx films, the chemical composition varies depending on the 
preceding thermal annealing. The Ni 2p3/2 and O 1s spectra of UV-ozone treated, unannealed 
NiOx films (Figure 4c and 4d) are quite broad, showing that several different nickel and 
oxygen containing species are present. Since the XPS survey scan of this film (Figure 3) 
showed peaks from the Si/SiOx substrate, this O 1s spectrum also contains SiO2 contributions 
that will overlap with the peaks from NiOx. This, together with the fact that the Ni 2p3/2 
spectrum does not show clearly separated peaks makes it difficult to reliably identify all 
present NiOx species in the UV-ozone treated, unannealed NiOx film. Nevertheless, the large 
component towards higher binding energy suggests the presence of a significant amount of 
NiOOH.  
The spectra of the NiOx film annealed at 175°C followed by UV-ozone treatment are shown 
in Figure 4e and 4f. Since the wide scan did not show any signal from Si, we can confidently 
exclude any contributions from the substrate. Comparing the spectrum to that of the precursor, 
a clear asymmetry is visible in the O1s peak, which can be fitted to a new peak at higher 
binding energy, assigned to NiOOH. 















When the NiOx film has been annealed for one hour at 325°C, i.e. above the decomposition 
temperature of the nickel formate precursor,47, 48 three main species are present in film, as can 
be seen clearly in the O 1s but also in the Ni 2p3/2 spectrum. Figure 4g and 4h show spectra of 
the films after UV-ozone treatment while Figure 4i and 4j show spectra only after thermal 
annealing. NiO, Ni(OH)2/Ni2O3, and NiOOH are present in the film. Upon UV-ozone 
treatment, the NiO component is suppressed while the NiOOH component increases. 
From this we conclude that only when we anneal the films at high temperature does NiO form 
in any significant amounts. UV-ozone treatment on the other hand promotes the formation of 
NiOOH. This is in agreement with previous studies of O2-plasma and UV-ozone treated 
NiOx.
34, 38, 42, 49 
The contact potential difference (CPD) values measured by Kelvin probe of NiOx films on 
ITO are shown in Figure 5a. Prior to the UV-ozone treatment, the CPD varies between -350 
and +50 mV with annealing temperature. After the NiOx films have been UV-ozone treated, 
the CPD increases to +300 mV for all the films, independent of any preceding thermal 
annealing. Even further increase of contact potential difference (CPD) was observed for a 
freshly UV-ozone activated NiOx film (Figure 5b). Directly after activation the CPD was 
about 960 mV higher and 30 min later the CPD is still 690 mV higher than before activation. 
The extrapolation by an exponential decay yields an equilibrium value of CPD which is more 
than half a volt above the CPD value of a non-activated film. No change in CPD was 
observed by spin coating pure oDCB, which excludes interaction between the activated 
surface and the used solvent during active layer spincoating.  
Modification of the NiOx work function has previously been demonstrated using O2-plasma, 
increasing the work function by 0.5-0.8 eV.27, 33, 34 The increase in work function that we 
observe here as a result of UV-ozone treatment is in the same range; assuming a work 
function for the gold reference probe of 4.8 eV, a freshly activated NiOx film has a work 















function of up to 5.6 eV. In comparison, reported values for the PEDOT:PSS work function, 
typically vary between 4.3 and 5.2 eV.50-52 
The increased work function of NiOx films upon O2-plasma or UV-ozone treatment has been 
attributed in previous studies to a strong dipole due to the formation of NiOOH at the 
surface.34, 38, 42, 53 The increase in work function of the UV-ozone treated NiOx f lms that we 
observe here is therefore in agreement with our XPS results that indicate that NiOOH is 
formed as a result of the UV-ozone treatment.  
From the XPS analysis it can be seen that high temperature annealing produces NiO, whereas 
the XPS, UV-Vis and CPD measurements together indicate that the UV-ozone treatment 
produces NiOOH. In other words, it is not NiO that is required to make a good HTL. In fact, 
as can be seen by comparing Figure 4g and 4h to Figure 4i and 4j, the UV-ozone treatment of 
NiOx films annealed at 325°C reduces the amount of NiO while at the same time improving 
the solar cell performance. This improved performance correlates with the increased work 
function of the NiOx films after the UV-ozone treatment (Figure 5); all solar cells with UV-
ozone treated NiOx outperform PEDOT:PSS and all UV-ozone treated NiOx films have a 
higher work function, regardless of any previous annealing. 
Energy level matching of the HOMO of the donor material and the work function of the HTL 
is important to provide efficient hole-collection at the anode as well as good charge injection. 
Solar cells utilizing polymers with deep HOMO energy levels have been shown to benefit 
from high work function HTLs.33, 37, 38 Since TQ1 has a relatively deep HOMO (5.7 eV as 
measured by square wave voltammetry43), the high work function UV-ozone treated NiOx is 
advantageous over PEDOT:PSS as the HTL for TQ1-based solar cells. Improvements of the 
device performance when replacing PEDOT:PSS with O2-plasma or UV-ozone treated NiOx 
has previously been correlated with the increased work function of the HTL.27, 33, 37, 38, 42, 53 















Although the solar cells with UV-ozone treated NiOx HTL all display a similar performance, 
the question remains as to whether they are stable and whether their stability depends on the 
annealing temperature. Lima et al. have shown for organic solar cells using solution processed 
V2O5 HTL that while VOx films that contain residual precursor have similar performance 
compared to stoichiometric V2O5, the presence of residual precursor does have an adverse 
effect on the stability.54 We cannot exclude that the NiOx films synthesized at low temperature 
followed by UV-ozone treatment contain residual precursor, even though UV-ozone is known 
for its efficient decomposition and removal of organic molecules from surfaces. NiOx film 
synthesized at high temperature, on the other hand, are less likely to contain undecomposed 
precursor. 
In order to investigate the effect of the choice of HTL on the active layer morphology, 
TQ1:PC70BM blend films spincoated on NiOx and on PEDOT:PSS respectively were imaged 
by AFM. No significant difference in surface topography was observed (Figure S3 of the 
supplementary material). From this we conclude that the lateral morphology is insensitive to 
our choice of HTL. Germack et al.55 have previously shown that large differences in the 
surface energy of the substrate can affect the vertical morphology of poly-hexylthiophene 
(P3HT):PCBM blends. However, since the surface energy of NiOx and PEDOT:PSS are 
similar,56 we deem it unlikely that active layers spincoated on NiOx and PEDOT:PSS would 
have significantly different vertical composition profiles. 
 
4. Conclusions 
Solar cells utilizing solution processed NiOx HTLs have been made that outperform the solar 
cells with the standard PEDOT:PSS HTL prepared in this study. By subjecting a nickel 
formate precursor to UV-ozone treatment, high performing NiOx HTLs can be created in a 
way that do not require any high temperature annealing. Upon UV-ozone exposure NiOOH is 















formed at the surface, in contrast to high temperature annealing that promotes the formation 
of NiO. The UV-ozone treated NiOx films all display high work function that do not depend 
on the preceding thermal annealing. The enhanced performance and higher FF of solar cells 
with UV-ozone treated NiOx HTLs is attributed to improved energy level matching between 
the donor polymer HOMO and the HTL work function that provide efficient hole-collection 
and charge injection at the anode. 
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Table 1. Device parameters of photovoltaic devices of ITO/HTL/TQ1:PC70BM/LiF/Al. Mean 
values ± standard deviations, each from 8-10 devices are shown. Each substrate has two 
devices and each type of sample was prepared in at least 4 different preparation runs. NiOx 
annealing times are 24 h unless otherwise stated.  
Sample JSC (mA/cm
2) VOC (V) FF (%) PCE (%) 
NiOx RT ~10
-2 ~10-4 24.3 ± 0.7 ~10-6 
NiOx 100°C ~10
-2 0.1 ± 0.04 25.4 ±1.1 ~10-4 
NiOx 175°C 0.1 ± 0.03 0.29 ± 0.09 18.4 ± 2.7 ~10
-3 
NiOx 325°C 0.5 h 9.08 ± 0.48 0.56 ± 0.05 62.1 ± 2.0 3.16 ± 0.21 
NiOx 325°C 2 h 9.80 ± 0.22 0.71 ± 0.016 62.8 ± 0.8 4.34 ± 0.21 
NiOx RT+UV 9.95 ± 0.44 0.85 ± 0.015 65.5 ± 2.1 5.54 ± 0.41 
NiOx 100°C + UV 9.98 ± 0.38 0.86 ±0.010 62.7 ± 5.1 5.40 ± 0.45 
NiOx 175°C + UV 10.21 ± 0.26 0.88 ±0.004 67.9 ± 2.6 6.08 ±0.36 
NiOx 325°C 0.5 h + UV 9.48 ± 0.59 0.86 ±0.039 66.2 ± 1.6 5.39 ±0.57 
PEDOT:PSS 10.55 ± 0.37 0.87 ± 0.014 58.2 ± 0.3 5.31 ± 0.27 
















Figure 1. Current-voltage characteristics under illumination (a-c) and EQE (d) of 
TQ1:PC70BM solar cells utilizing different HTLs. The effect of the annealing temperature for 
NiOx films without subsequent UV-ozone treatment is shown in a) while the effect of 
annealing temperature prior to UV-ozone treatment is shown in b). A solar cell using the best 
performing NiOx HTL (175°C+UV) is compared to one using PEDOT:PSS in c), while d) 
compares the EQE of solar cells using the best performing NiOx to PEDOT:PSS. 
 
















Figure 2. Optical properties of the NiOx layers. a) Transmittance of different NiOx thin films 
on quartz. b) Transmittance and reflectance comparing bare glass/ITO to that covered by 
PEDOT:PSS, NiOx annealed at 175°C with and without subsequent UV-ozone exposure. 
















Figure 3. XPS survey scan of NiOx thin films, annealed at different temperatures followed by 
UV-ozone treatment, and annealed at 325°C without UV-ozone treatment.  




























Figure 4. Ni 2p3/2 and O 1s core level spectra of NiOx thin films prepared under different 
conditions.
















Figure 5. a) CPD of NiOx thin films as a function of annealing temperature with (blue circles) 
and without (red squares) 3 h of UV-ozone treatment. b) Change in CPD of a NiOx thin film 
as a result of UV-ozone activation. 













• NiOx hole transport layers prepared without need for high temperature annealing.  
• UV-ozone treatment increases NiOx work function and forms NiOOH.  
• High work function leads to improved energy level matching. 
• Polymer solar cells with NiOx HTL demonstrate enhanced fill factor. 
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